The paper demonstrates a topographic inspection in the specific context of three kinds of inspection methods of austenitic stainless steel welds. Visual and metrological inspection was analysed during tungsten inert gas (TIG) welding tests, showing the non-destructive techniques: X-ray, computed tomography, and surface profilometry. The article is a response to the lack of information, especially in the area of non-destructive techniques suitable for wide practical application. The Paper presents advantages and drawbacks of the analysed diagnostic methods and a classification of conventional and specific welded joint flaws. The most important defect in practical applications determining reliability of a welded joint is cracks. This kind of diagnostic is based on the obtained information about anisotropic and inhomogeneous volume under consideration in the heat-affected zone of a weld.
Introduction
The present trend in manufacturing demands the joining or welding of materials that are capable of ever increasing stresses. Unfortunately, problems arising due to poor joint quality are generally caused by the manufacturers who limit the application of welding. The quality of a welded joint primarily depends on the weld bead shape and weld microstructure influenced by the process parameters [1] . There are also other reasons for the formation of flaws. According to Sazonov, [2] in welding process many diversified flaws of welded joints can be observed, such as the conventional: cracks, pores, shrinkage of cavities, enhanced hardness, growth of grains, nonfused regions, craters, sagging metal seams, faulty fusions, flooding of the melted channel, and the specific: surface flaws, unsatisfactory geometry of a seam, discontinuities of a material, unfavourable structure, deteriorated properties, and voids (closed cavities).
A welding defect is any flaw that compromises the usefulness of a weldment. There is a great variety of welding defects. Welding imperfections are classified according to ISO 6520 [3] while their acceptable limits are specified in ISO 5817 [4] and ISO 10042 [5] . According to the American Society of Mechanical Engineers, welding defect causes are broken down as follows: 45 % poor process conditions, 32 % operator error, 12 % wrong technique, 10 % incorrect consumables, and 5 % bad weld grooves.
Some of these flaws cannot often be detected with traditional non-destructive techniques (NDT). Nondestructive techniques in weld joint area are commonly used to control and diagnostic of welding processes. Nondestructive techniques try to ensure that the welds are free of unacceptable defects. In the last years considerable efforts have been devoted to providing a reliable monitoring system to perform a real-time analysis of the process and detecting the appearance of possible weld flaws [6] . The non-destructive techniques are an effective tool to detect the damage through all phases of its life cycle. Defects analysis is important in technical diagnostics which includes assessment of the technical condition of a machine's parts by studying the properties of its work processes. Failure of machine parts can be avoided by properly welded joints and through root cause analysis of defects maintenance of machine parts is reduced. The diagnostics is important for mining, metallurgy, processing industry, and materials science
The most traditional non-destructive technique is Visual Inspection. Prior to any welding, the materials should be visually inspected to see if they are clean and correctly aligned, machine settings and filler selection should be checked, etc. Visual Inspection of all completed welds should be carried out under good lighting and excess penetration can often be visually detected.
Equally often we use Liquid Penetrant Inspection. Serious cases of surface cracking can be detected by the naked eye but for most cases some type of aid is needed. We need to cover the surface with a liquid dye that has good penetrating properties. After adequate penetration time, the excess penetrant is removed and a developer is applied. The developer helps to draw the penetrant out of the flaw so that an invisible indication becomes visible for the inspector. The main advantages of this method are the speed of the test and the low cost. Disadvantages include the detection of only surface flaws. The inspection should be made on a smooth clean surface where excessive penetrant can be removed prior to being developed and operator experience is quite valuable.
Modern non-destructive techniques include X-Ray Inspection which allows detecting sub-surface cracks and inclusions. It is an expensive method, but very powerful, and e.g. 100 % of weld joints will be carried out in nuclear power plants.
Surface and sub-surface defects can also be detected by Ultrasonic Testing (UT). This involves directing a high frequency sound beam through the base metal and weld on a predictable path. When the beam strikes a discontinuity, some of it is reflected back. This reflected beam is received, amplified, and processed, and from the time delay, the location of the flaw is estimated. Porosity, however, in the form of numerous gas bubbles, causes a lot of low amplitude reflections which are difficult to separate from the background noise.
Eddy Current Testing (ET) -the wire coil produces an alternating magnetic field around itself. When the coil approaches a conductive material, currents opposed to the ones in the coil (eddy currents) are induced in the material. Variations in the electrical conductivity and magnetic permeability of the test object, and the presence of defects causes a change in eddy current and a corresponding change in phase and amplitude that can be detected by measuring the impedance changes in the coil. This method is limited to conductive materials and depth of tested surfaces.
The newest technique is Computed Tomography (CT). It is a very powerful and universal method with which we can find and measure cracks or pores inside the weld joint. CT allows testing any kind of weld joint e.g. butt or tee. The limit of this method is possibility of penetration of the tested object by X-rays.
The aim of the paper is to present advantages and disadvantages of methods of weld inspection. Although the approach is of general applicability, the paper demonstrates in the specific context three kinds of methods of inspection of austenitic stainless steel welds joints. Presented research has been carried out for the most popular weld diagnostics methods in the industry.
Material and methods
The welding method used was orbital welding which is a mechanized version of the tungsten inert gas arc welding (TIG) process. This method is used to weld pipes or stationary tubes. The tungsten electrode contained in the weld head rotor rotates (orbits) around the weld joint circumference. The welding speeds were 125 mm/min. The TIG process can be either a fusion (autogenous) process in which the edges of the weld joint are heated by the arc and fused together without the addition of filler material to the weld pool or may use an additional filler material. The welded material was pipes 50×1,5 of austenitic stainless steel 1.4301 (DIN EN 10088-1). The elemental composition of the welded material is given in Tab. 1. Surface profilometry as a method of topographic inspection was performed using an Infinite Focus Measurement Machine (IFM). The IFM is an optical 3D measurement device which allows the acquisition of data sets at a high depth of focus. The IFM method allows for the capture of images with a lateral resolution down to 400 nm, and a vertical resolution down to 20 nm. The IFM 4.2 software version was used to collect and present the measurement data. The surface profilometry analysis was carried out in the OUTech Surface Integrity Lab. The X-ray tests were carried out using RTG SITE -XS D2254. The industrial X-ray micro-computerized tomograph XT H 225 ST Nikon Metrology NV was used for the analysis of influencing the structure of the material around the welded thin-walled tubes under different welding conditions. The device is installed at the Institute of Geonics AS CR. It is a fully automated system with a rotary microfocal scanning system equipped with X-ray sources emitting conical beam. Department's tomography laboratory is also equipped with appropriate reconstruction and visualization software. Basic technical data of the equipment used are listed in the following Tab. 2.
X-ray CT is one of the methods of both quantitative and qualitative analysis of different types of materials utilizing different properties of the X-ray interaction with the own mass of the materials studied. In particular, they have the ability to penetrate different kinds of materials with differing degrees of phasing out depending on the properties of the studied object, especially on its density. For the reconstruction of CT volumes, consisting of a single voxel, a set of radiographic 2D projections of the known rotation angle of the object during its rotation by 360° must be purchased during the scan process. Radiographic image shows a 2D map showing the pixels in different shades of grey (grey scale range is determined by the type of detector and the bit depth of 8 bit, 16 bit, etc.). The intensity of both unattenuated and attenuated Xrays passing through the object studied. For a sufficient number of radiographic projections, CT volume of an object is then reconstructed (calculated) using computational algorithms.
The tested samples (dimensions 10 × 1,6 × 50 mm) were scanned and analysed using an X-ray source transmitted to a weld area within a distance of approximately one of its width. Second acceleration voltage was set to 165 kV (indicating hardness ray). Radiation current was set to 60 µA. 3,142 radiographic projections were used in the process of scanning; for one screening, 4 radiographic images were performed with exposure to 2829 ms. Voxel size of the resulting tomographic volume is represented by the value of about 5 μm. The total time of one CT scan was approximately 12 hours. Using the software VG Studio Max, visualization and evaluation of the reconstructed CT volumes of the individual specimens was then performed. In case of specimens CT inferred material change can be analysed. It is possible, but it has been observed that such defects as pores and other discontinuities were found in the vicinity of weld defects in the nearby weld material. 
Industrial approach
The welded material is austenitic stainless steel. Austenitic welds are anisotropic and inhomogeneous. Many different microstructures arise in HAZ under the influence of the weld thermal cycle [11] . This stainless steel is widely used for many industrial applications due to its unique properties. Good combination of its mechanical properties (high strength and toughness) and corrosion resistance makes it of great interest for a wide range of applications [12] , especially in the oil, food, chemical and safety-critical industries like power or oil industry and gas plants. In all these industries, nondestructive techniques inspection is used to ensure that the plant enters service without any defects. Regular inspections are used to verify that no defects have grown to an unacceptable size [13] . The most important defect is cracks, particularly those having a sizeable through-wall extent. This defect is related to the metallographic structure of the weld joint. According to Tsisar et al. [14] martensitic steels have a tendency to cause weld cracking during cooling when hard brittle martensite is formed. Kim et al. [15] investigated the effects of shielding gas on the pitting corrosion of hyper duplex stainless steel welds and reported that the pitting resistance of a heat-treated solution welded with a combination of Ar and N 2 as the shielding gas is greatly increased due to an increase of austenite in the weld material and HAZ (heat affected zone). Furthermore, many researchers have engaged in research on the welding process of stainless steels [16÷18], but those publications did not mention geometrical parameters of Surface Morphology. Krolczyk et al. [19] analysed surfaces of welded joints in steel pipes using an optical 3D measurement system to determine their morphology and topographic parameters. They established that pollution of the argon shield gas with oxygen did not influence the width of the HAZ. The measurement of surface morphology parameters enabled the selection of a higher quality surface. This publication, however, analyses weld join only from a metrological point of view. According to Connolly et al. [13] radiography finds cracks most efficiently only if the beam of radiation aligns well with the plane of the crack, whereas ultrasound is more effective when the beam aligns normally to the crack. In practice, in this case CT and profilometry are unused but there is much interest in developing other methods in order to avoid the use of radiography, particularly for in-service inspection in industries.
Recent trends
Another strongly growing branch of research is microtomography. It allows, similarly to the measuring tomograph, imaging of the internal structure of the object [20] . However, the main difference between these devices is the possibility of magnification of the measured object. Microtomography allows observation of the internal structure of the material up to the individual grains [21, 22] . One of the conditions necessary for the implementation of this measure is to reduce the power of X-rays, and this creates the need to reduce the dimensions of the object being measured. These devices provide a very detailed observation of the internal structure of the object. However, in most cases, even though it is a nondestructive measurement method, it is necessary to prepare a relatively small segment to represent the whole object.
X-ray CT measuring scanners allow for a much broader imaging of the measured object. It is possible to obtain both the 3D images of the object and evaluation of its geometry, for internal as well as for external surface. Appropriate adjustment of parameters also allows the assessment of the internal structure of the material and measurement of the size and distribution of pores in the cast or distribution of fibres in the composite [23] . In parallel there are developing devices, similar to microtomographs, that allow for the observation of metallographic structure, but their limitations are the requirement of the objects studied being of small sizes. One of the obstacles in the application of modern research methods is the high cost of equipment. However, the development of these systems leads us to believe that, in some time, they will become more accessible as well as mobile devices for scanning X-ray welds, which today can be considered almost a standard method of control.
Discussion
Coordinate measuring technique is the field of metrology of geometrical quantities, which is rapidly developing at present and is applied in many fields of technology [24, 25] . A wide range of methods can be qualified for this technique on account of the nature of the measurement -collection of coordinates describing position of individual measuring points. A common feature of these methods is the possibility of estimation of the surface only -the surface which can be seen or touched by a gauging point [26÷28] . Computer tomography (CT) has recently allowed extending the measuring possibilities. In this method, objects are Xrayed. CT scanners have been known in medicine for a long time, but they have been only used for about 10 years as a tool for technical imaging of 3D objects. The image from the CT scanner allows for estimation of both the geometry of the manufactured product as well as of internal closed surfaces. It also allows for analysis of pores in the interior material or for estimation of deformation of subassemblies during joining [29, 30] .
There is a broad spectrum of methods belonging to the group of non-destructive testing techniques for welded joints. The use of these methods has been indispensable since altering the structure of the weld precludes its further use. Besides computer tomography, some other methods are applied for that purpose, including screening of welds using X-rays and profilometry method. The disadvantage of CT is the stationary nature of work and the significant cost of the device. The advantage of this technique is detection of the measuring point coordinates that describe the examined object [31] . The obtained data are digitally processed which allows to obtain information on the actual dimension deviations. Aside from information on the surface, in case of CT we can get data on the internal section as well. This allows detecting pores or estimating the geometry of closed surface as well as calculating the position and volume of the found material discontinuities. Inspection by a CT scanner is based on the measurement of radiation absorption which penetrates the object. If the condition of the object penetration is fulfilled, the X-ray CT allows for measurement and control of any butt, filled, edge, point, and plug weld [32, 33] .
Devices that inspect welds using X-rays are usually mobile. They can be put on any weldment, but do not allow for checks of the filled welds. X-ray penetration of the weld allows for detection of discontinuities that represent pores or inclusions. It is possible to visually assess their size, but it is not possible to measure the dimension, volume, and location of such a phenomenon accurately. The measurement of the weld profile is also a non-invasive and non-contact method. Properly made welded joint is characterized by equal and symmetrical shape of both the weld and heat affected zone. Assessing the measured profile with this method means that the data about the correctness of the connection is obtained in a short time; it is, however, an assessment which does not include information on the internal structure of the weld. In industrial practice, measurement with mobile devices that allow for fast and sufficiently accurate control of the weld joint can be used successfully. Devices such as CT present very wide measurement capabilities, but one of the limits is the ability to penetrate the object. When the power of the X-ray tube increases, the sharpness unfavourably decreases which results in decrease of measurement accuracy. Therefore, it is very difficult to say which device is the most appropriate to use -it depends strongly on the application of research. However, it can be concluded that the CT scanner allows for both detection of pores and voids as an X-ray mobile device, as well as for the reconstruction of the measured data to obtain a picture of the weld as in the method of profiling. Among the analysed methods of topographic inspection of weld joint surface, profilemetry is the most appropriate for industrial applications. Surface profilometry has been known for many years as a method of topography inspection. Koszela et al. [34] showed textured cylinder liners surface topographies for visualization of oil pockets array on a machined surface. Parthasarathi et al. [35] investigated characterization of worn surface topography in the prototype fast breeder reactor. Safara, Nosar and Olsson [36] presented 3D surface topography images and surface profiles behind the initial stages of material transfer between stainless steel and tool steel in metal forming operations. In order to establish effective quality control of the weld zone, an extensive investigation has been recommended, including the clarification of the deterioration problems of the surface weld joints, which is important in practical use [37] .
Conclusions
The paper presents the measurement results for three different measuring devices. The estimation of different types of methods was performed, which allows to look at the obtained values more widely. Three types of measuring devices allow effective measurement of the weld joint area, which has been presented in this paper. We cannot explicitly conclude which device is more appropriate to apply, because each of these devices is characterized by many advantages and drawbacks. -Portable X-ray allows controlling the object in practically any environment, but it is only possible to obtain a 2D image with it. -CT measurement enables us to obtain a 3D image for both external surfaces and internal structure. However, measurements are stationary and the size of the object being measured is the limitation of this method. -The profilometric method allows for very accurate measurement of the external shape of the element, but does not allow for evaluation of the internal structure of the weld.
